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,e use of Na2CO3 to improve the mechanical properties of high-volume slag cement (HVSC) is experimentally investigated in
this study. Ordinary Portland cement (OPC) was replaced with 50, 60, 70, 80, and 90% ground-granulated blast-furnace slag
(GGBFS) by weight. Na2CO3 was added at 0, 1, 2, 3, 4, and 5wt.% of HVSC (OPC+GGBFS). ,e compressive strength, water
absorption, ultrasonic pulse velocity, dry shrinkage, and X-ray diﬀraction spectra of the Na2CO3-activated HVSC pastes were
analyzed. ,e results indicate that Na2CO3 was eﬀective for improving the strength of HVSC samples at both early and later ages.
,ere was a trend of increasing HVSC sample strength with increasing Na2CO3 content. ,e 5% Na2CO3-activated HVSC
(50% OPC+ 50% GGBFS) paste had the best combination of early to later-age strength development and exhibited the highest
UPV and the lowest water absorption among the Na2CO3-activated HVSC samples at later age.
1. Introduction
Ground-granulated blast-furnace slag (GGBFS) is a by-
product of steel manufacturing that has been used as a
mineral admixture in concrete for many years. Because this
material is cheaper than Portland cement, its incorporation
as a replacement for Portland cement in concrete mixtures
provides both economic and environmental beneﬁts [1, 2].
Cement containing high volumes of GGBFS is referred
to as high-volume slag cement (HVSC) and has been widely
studied for its role in industrial by-product recycling and
substantial reduction in Portland cement usage. Several
studies have noted that the use of HVSC material can
provide beneﬁts [3–8] including reduced hydration heat and
improved sulfate resistance, chloride resistance, durability,
and corrosion resistance. However, there are still problems
with the mechanical properties of HVSC [7, 9]. For instance,
HVSC results in lower early strength, higher drying shrink-
age, and lower carbonation resistance. In order to safely use
HVSC in concrete production, their drawbacks should be
improved. Some studies have indicated that the low early
strength of HVSC can be overcome by adding alkali activators
(e.g., sodium hydroxide, sodium silicate, or sodium sulfate)
that are typically used for activation of GGBFS. Singh et al.
[10] studied the eﬀect of 4wt.% Na2SO4 on HVSC and re-
ported that addition of the alkali activator to GGBFS-blended
Portland cement results in an acceleration of the hydration
reaction due to the activation of GGBFS. ,e activation of
GGBFS by the alkali leads to formation of an additional
amount of calcium silicate hydrate (C–S–H), which increases
the compressive strength. Sajedi and Razak [11] studied the
eﬀect of chemical activators (NaOH, KOH, and Na2SiO3) on
the early strength of HVSC mortars. ,ey mentioned that
Na2SiO3 gives the highest strength value, whereas NaOH
results in the lowest strength.Wu et al. [12] reported the eﬀect
of additives (Na2SO4, calcium aluminate cement, and po-
tassium aluminum sulfate) on the compressive strength of
HVSC mortars. ,ey noted that the early-age strength of
mortar with additives is higher than that without additives
and proposed that increasing the amount of additive could
result in an increase in the early-age strength. Acevedo-
Martinez et al. [13] studied the strength development and
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microstructures of HVSC activated with diﬀerent concen-
trations of Na2O using water glass (Na2SiO3). ,e results
indicated that increasing the percentage of Na2O produced
denser and more compact matrices of hydration products in
HVSC, which was reﬂected in improved strength. Previous
studies have explored the use of sodium carbonate (Na2CO3)
source for activating GGBFS [14–17]. Abdalqader et al. [17]
reported the eﬀect on the compressive strength of using
Na2CO3 for the activation of ﬂy ash and slag blends. ,ey
noted that the strength of Na2CO3-activated ﬂy ash-slag
blends increased with curing time and Na2CO3 content,
and the strength at early ages depended on the Na2CO3
content. ,us, it can be expected that Na2CO3 could play
a role in the early-age strength development of HVSC.
However, research on the early-age strength of HVSC with
Na2CO3 as the main activator is limited in comparison with
research on HVSC focused on Na2SiO3, Na2SO4, and NaOH
activators.
,e primary objective of this study was to carry out an
experimental investigation to explore the eﬀect of Na2CO3
for improving early strength and other mechanical prop-
erties of pastes with high volumes of slag. ,e compressive
strength, water absorption, ultrasonic pulse velocity, dry
shrinkage, and X-ray diﬀraction of HVSC pastes activated
with varying Na2CO3 content were analyzed.
2. Experimental Methods
2.1. Materials. ,e cement used in this study was ordinary
Portland cement (OPC) with a speciﬁc gravity of 3.15 g/cm3
and a Blaine ﬁneness of 330m2/kg. ,e cement was supplied
by S company in South Korea. GGBFS was produced by
the K iron steel company in South Korea; it has a speciﬁc
gravity and Blaine ﬁneness of 2.8 g/cm3 and 420m2/kg,
respectively. ,e chemical composition of the cement and
GGBFS was determined by X-ray ﬂuorescence (XRF)
spectrometry and is summarized in Table 1. Figure 1 shows
the X-ray diﬀraction (XRD) spectra of the raw materials.
Sodium carbonate (Na2CO3, anhydrous, ≥99%, C company,
South Korea) was used as the alkali activator.
2.2. Mixture Proportions, Sample Preparation, and Curing.
Mixture proportions of the samples are summarized in
Table 2. ,e OPC was partially replaced with 50, 60, 70, 80,
or 90% GGBFS (by weight). ,e weight ratio of water to the
binder (OPC+GGBFS) was 0.45. Na2CO3 was added at 0, 1,
2, 3, 4, and 5wt.% of the binder for each mixture. ,e
50, 60, 70, 80, and 90% GGBFS replacement levels are
denoted as R5, R6, R7, R8, and R9, respectively. A total of 30
different paste mixtures were prepared in the laboratory
according to ASTM C305 [18]. After mixing, cubic samples
of 50× 50× 50mm were cast for use in the determination
of compressive strength and water absorption. Samples of
40× 40×160mm were cast for determination of dry shrink-
age and ultrasonic pulse velocity (UPV). All samples were
cured at a temperature of 23 ± 2°C and 80 ± 5% relative
humidity until testing.
,e compressive strengths of the hardened HVSC pastes
were measured at 3, 7, and 28 d. ,e results are reported as
an average of three samples. XRD was performed at 3 and
28 d. Fractured specimens from the strength tests were ﬁnely
powdered and immersed in isopropanol to stop hydration.
After vacuum drying, particles passing through a no. 200
sieve were used for XRD analyses. ,e water absorption,
dry shrinkage, and UPV tests were conducted in accor-
dance with ASTM C642 [19], C157 [20], and C597 [21],
respectively.
3. Results and Discussion
3.1. Compressive Strength Development. ,e compressive
strengths of HVSC pastes with and without Na2CO3 are
shown in Figure 2. Previous studies [7, 11, 22, 23] reported
a decrease in compressive strength with increasing slag
content in slag-cement systems. For the R5, R6, R7, R8, and
Table 1: Chemical composition of OPC and GGBFS (wt.%).
SiO2 Al2O3 Fe2O3 CaO MgO TiO2 MnO SO3 K2O
OPC 21.32 5.61 3.12 61.72 3.94 — — 2.51 0.79
GGBFS 35.30 12.58 0.79 41.30 3.19 0.70 0.22 4.75 0.63
10 15 20 25 30 35 40 45 50 55 60
Angle (2-theta)
GGBFS
OPC
Figure 1: XRD spectra of the raw materials.
Table 2: Mixture proportions in the test pastes.
Sample ID OPC(wt.%)
GGBFS
(wt.%)
Na2CO3 content
(wt.% of OPC+GGBFS)
R5 50 50 0, 1, 2, 3, 4, and 5
R6 40 60 0, 1, 2, 3, 4, and 5
R7 30 70 0, 1, 2, 3, 4, and 5
R8 20 80 0, 1, 2, 3, 4, and 5
R9 10 90 0, 1, 2, 3, 4, and 5
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Figure 2: Compressive strengths of the Na2CO3-activated HVSC pastes with diﬀerent replacement levels of GGBFS: (a) R5, (b) R6, (c) R7,
(d) R8, and (e) R9 samples.
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R9 samples without the Na2CO3 activator, the strengths
decreased slightly with increasing replacement level of
GGBFS. ,is result is in agreement with previous studies
on HVSC [7, 11, 22, 23].
For the R5, R6, R7, R8, and R9 samples with the Na2CO3
activator, the strengths of samples were higher than those of
the samples without Na2CO3 at all ages, regardless of the
amount of Na2CO3 added. ,e exception to this was the R8
sample, in which Na2CO3 contents of 3% or more showed
higher strength than 0% Na2CO3. With respect to the
amount of added Na2CO3, the results indicated that there is
a trend of increasing strength with increasing Na2CO3
content, except for the R6 and R7 samples. ,e R6 and R7
samples showed a decrease in strength at the addition of
5% Na2CO3.
Table 3 presents a comparison of the strengths of samples
with Na2CO3 relative to the results without the activator.,e
results listed are given relative to the strength of the sam-
ple without Na2CO3, which was considered to have a value
of 100%. ,e strength of the HVSC with Na2CO3 was
3.06∼64.29% greater after 3 days of curing, compared to that
without Na2CO3. ,e strength results showed that the ad-
dition of Na2CO3 contributed to the improvement in both
the early- and later-age strengths in the HVSC system.
3.2. X-Ray Diﬀraction (XRD) Analysis. XRD spectra of the
HVSC samples with Na2CO3 are shown in Figure 3. Gen-
erally, the XRD spectra show the typical contributions of
hydrated cement: portlandite [Ca(OH)2] and C–S–H. As
the amount of OPC decreases (R5→R6→R7→R8→R9
sample), the intensity of the portlandite reﬂections becomes
weak until the peaks corresponding to portlandite are no
longer observed in the XRD spectra. ,ere seems to be no
portlandite phase in the R8 (20% OPC+ 80% GGBFS) or R9
(10% OPC+ 90% GGBFS) samples (Figures 3(d) and 3(e)).
For the R5, R6, and R7 samples, the intensity of the portlandite
peaks decreases with increasing amount of Na2CO3. ,is
may indicate that the addition of Na2CO3 contributes to an
increase in GGBFS activation, which then leads to an en-
hancement of the GGBFS pozzolanic reaction [24, 25]. As
a result, it would be likely to form additional C–S–H. Kovtun
et al. [26] reported on the Na2CO3-activated slag concrete
accelerated by diﬀerent admixtures. ,ey used NaOH, OPC,
and a combination of silica fume and slaked lime as a
chemical accelerator. ,ey mentioned that slag hydration
could be accelerated by C–S–H formed in the rapid cement
hydration, which is attributed to the alkaline solution of
Na2CO3. For each sample in this study, it was observed that
the formation of C–S–H was increased with increasing the
addition of Na2CO3. It could imply the rapid hydration
reaction of C3S and C2S compounds in the OPC due to
the use of Na2CO3 because the compounds play a role in
generating C–S–H gel during the hydration reaction. It
was identiﬁed that the peaks of C3S and C2S decrease as the
amount of Na2CO3 increases.
Bernal et al. [16] reported that the early-age reaction in
a CO32−-activated binder occurs between CO32− in pore so-
lution and Ca2+ released by slag dissolution. ,ey mentioned
that enough Ca2+ could lead to consume CO32− in the early
age, thus resulting in the acceleration of slag hydration.,ey
explained that the acceleration is because the slag hydration
starts after the CO32− is exhausted. In this study, OPC was
used as a source of calcium in order to consume carbonate. It
was observed that the calcite was formed at the age of 3 days
in the R5 sample, and the calcite was increased with in-
creasing the content of Na2CO3. As a result, it can be seen
that the use of Na2CO3 led to the formation of additional
C–S–H and the generation of calcite, thus increasing the
strength of the HVSC sample.
3.3. Water Absorption. Figure 4 shows the results of water
absorption tests for the HVSC pastes with and without
Na2CO3. Samples with low strength could not give accurate
water absorption results because theweak texture on the surface
of the sample softened and came oﬀ during water immersion.
,erefore, the water absorptionwasmeasured for samples at 28
days, when it could be accurately obtained for all samples.
As water absorption can be partially aﬀected by cracks
and pores in the samples [27], a sample with low water
absorption is likely to imply that it has a relatively dense
matrix. Increasing water absorption is thus associated with
a reduction in strength. Previous studies [5, 23] reported that
the water absorption of HVSC decreased with increasing
replacement level of GGBFS in slag-cement systems. In
contrast, Chen and Brouwer [28] noted that with increasing
slag content in slag-OPC mixtures, the total porosity also
increased and suggested that this could be due to the low
degree of slag hydration in OPC. It can be deduced from
their study [28] that as the slag content increases, the water
absorption would increase due to the increase of total po-
rosity. ,is result is close to our ﬁndings. ,is study showed
that with increasing amount of GGBFS, the water absorp-
tion of HVSC pastes without Na2CO3 increased, and the
Table 3: Relative strengths of samples with the Na2CO3 activator
compared to the strength of samples without activation.
Sample ID Age (d)
Na2CO3 content (wt.%)
1 2 3 4 5
R5
3 114.98 120.66 125.17 145.57 147.85
7 105.61 119.28 121.68 125.13 137.29
28 103.62 111.19 117.80 143.12 158.88
R6
3 112.07 117.04 122.83 151.23 128.96
7 118.28 119.64 134.74 152.14 124.80
28 113.36 135.05 153.53 159.60 156.40
R7
3 105.93 107.89 134.02 157.58 145.22
7 115.00 118.75 135.22 147.86 150.71
28 108.62 120.66 136.61 158.25 163.63
R8
3 103.06 105.42 126.21 141.14 164.29
7 89.66 97.82 120.26 131.90 154.34
28 91.33 108.71 121.55 139.43 168.00
R9
3 104.77 109.94 122.47 129.75 143.17
7 100.00 106.74 119.21 137.36 144.83
28 103.48 105.49 117.01 133.86 144.51
,e results are listed relative to the strength of the sample without Na2CO3,
which was considered to have a value of 100%.
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Figure 3: X-ray diraction spectra for Na2CO3-activated HVSC pastes with dierent GGBFS replacement levels: (a) R5, (b) R6, (c) R7,
(d) R8, and (e) R9 samples. Peak positions are indicated for portlandite (P); calcite (C); quartz (Q); C–S–H (CSH); alite (C3S); belite (C2S).
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compressive strengths decreased. With respect to the
amount of added Na2CO3, as the amount of Na2CO3
increases, the water absorption decreased, implying that
the strength would be higher with the amount of added
Na2CO3.
Mo et al. [29] reported that the formation of CaCO3 in
the steel slag pastes is attributed to the microstructure
densiﬁcation, thereby improving the strength of the pastes.
In Figure 3, the R5 sample had the highest calcite peak
compared with other samples. It can indicate that the R5
sample has a denser microstructure than other samples,
which would result in the reduction of water absorption. It
can be seen that the R5 sample gives lower water absorption
than other samples. Note that the reaction products were
portlandite and C–S–H as well as calcite.,erefore, it is clear
overall that water absorption of samples would not be
inﬂuenced only by the formation of calcite. It could be seen
that the combined action of calcite and C–S–H gel has an
eﬀect on reducing water absorption by decreasing the overall
porosity of the matrix.
3.4. Ultrasonic Pulse Velocity (UPV). UPV results for HVSC
samples at the ages of 3 and 28 days are shown in Figure 5.
UPV can be used to predict the quality of hardened samples,
as UPV is related to the strength of the samples [22, 30].
Higher UPV values indicate higher strength. ,is study
showed that UPV, for each Na2CO3 content, decreased with
increasing GGBFS content (R5→R6→R7→R8→R9
sample). It can be mentioned that as the amount of GGBFS
increases, the quality of matrix in samples would be com-
paratively lower, which could cause decrease in strength.
When Na2CO3 was added to the HVSC sample, the UPV
increased with increasing Na2CO3 content for all mixtures.
In addition, the UPV values tended to increase with curing
age for all samples. An increase in UPV implies that more
reaction products were produced in the sample during the
activation and hydration of the binder, and thus, the sample
matrix would be denser, resulting in the improvement of
strength.
Considering the density of reaction products, calcite has
2.71 g/cm3 and portlandite has 2.44 g/cm3 [29]. It is clear that
the density of calcite is higher than that of portlandite. It is
expected that the density of a reaction product could be
related to the microstructure densiﬁcation in the sample.
,e XRD result showed that the higher the content of OPC
and the higher the concentration of Na2CO3, the greater the
amount of calcite formed.,e increase in calcite with higher
density than other reaction products under the same cir-
cumstances could imply that HVSC density would be in-
creased. It would lead to the improvement of microstructure
densiﬁcation and the increase in the UPV.
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Figure 4: Water absorption of HVSC pastes containing Na2CO3.
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Figure 5: Ultrasonic pulse velocity (UPV) for HVSC pastes con-
taining Na2CO3 at (a) 3 days and (b) 28 days.
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Figure 6 shows the relationship between UPV and water
absorption for all samples at 28 days. It is found that the
UPV is related to the water absorption of the hardened
samples: the higher the UPV, the lower the water absorption.
,is suggests that the addition of Na2CO3 is eﬀective for
increasing the densiﬁcation of HVSC samples. It is also
conﬁrmed in Figure 6 that the sample with the highest UPV
and lowest water absorption at 28 days is the R5 sample with
5% Na2CO3.
3.5. Shrinkage. Shrinkage generally occurs at an early age
[31], and themaximum shrinkage rate occurs during the ﬁrst
7 days of aging [32]. In this study, the shrinkage of HVSC
samples with varying Na2CO3 contents was measured for
35 days, in accordance with ASTM C157 [20]. Figure 7
shows the shrinkage results after 35 days of aging.
As previously noted, increasing the amount of GGBFS
resulted in an increase in water absorption and a decrease in
UPV, as the mechanical properties of Na2CO3-activated
HVSC pastes are related to the quality of hardened samples
by the amount of GGBFS. However, drying shrinkage of
HVSC samples has a diﬀerent tendency from UPV or water
absorption. R5 and R6 samples increase with increasing
the content of Na2CO3. ,e R7 sample shows similar dry
shrinkage regardless of Na2CO3 content. R8 and R9 samples
decrease the drying shrinkage with increasing Na2CO3
content. Duran Atis¸ et al. [33] studied the inﬂuence of acti-
vators on the dry shrinkage of alkali-activated slag mortar and
showed that a Na2CO3-activated slag mortar with an 8% Na
concentration had greater shrinkage than that with 4% Na at
28 days. At the same time, the sample strength with 8% Na
was higher than that with 4% Na. Some studies [31, 34–37]
have found that the activator dosage, porosity, pore size
distribution, and curing conditions can inﬂuence the dry
shrinkage of alkali-activated slag. In this study, the diﬀerent
drying shrinkage tendencies based on the R7 sample can be
considered as follows: because the drying shrinkage of
samples was measured only up to 35 days, the results can be
diﬀerent from long-term age shrinkage. In the cases of R5
and R6 samples, the drying shrinkage was high. It would be
due to the high OPC content in the HVSC sample. On the
contrary, R8 and R9 samples would be relatively slow in
reactivity due to the low OPC content. ,erefore, the
samples were still undergoing hydration reaction, and the
shrinkage would not be completed. In the case of the R7
sample, there was little change in drying shrinkage. It seems
that the hydration reaction of OPC and GGBFS was si-
multaneously proceeding. It can indicate the importance to
make the measurement until the long-term age.
4. Conclusions
,e following conclusions were obtained from the results of
this experimental investigation:
,e HVSC samples with the Na2CO3 activator generally
produced greater strength than those without Na2CO3 at
early and later ages, regardless of the amount of added
Na2CO3. It was identiﬁed that Na2CO3 was eﬀective for
increasing the HVSC sample strength at all ages. With re-
spect to the amount of added Na2CO3, the strength of HVSC
samples increased with increasing Na2CO3 content. ,e
compressive strength results indicated that the optimum
combination for the early and later ages was the R5 sample
with 5% Na2CO3.
,e CO32− ion of Na2CO3 forms calcite with Ca2+ re-
leased by GGBFS dissolution. It indicated that the addition
of Na2CO3 in the HVSC sample contributes to an increase in
GGBFS activation, which then leads to an enhancement of
the GGBFS pozzolanic reaction. As the amount of Na2CO3
increases, the peaks of calcite and C–S–H in HVSC samples
increased.
Additional C–S–H formation due to GGBFS pozzolanic
reaction and the generation of calcite would lead to the
improvement of microstructure densiﬁcation in the HVSC
sample.,eHVSC samples withNa2CO3 resulted in a decrease
in water absorption and an increase in UPV, comparing to
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Figure 6: Relationship between water absorption and UPV for all
samples containing Na2CO3.
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Figure 7: Drying shrinkage for HVSC pastes containing Na2CO3.
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the HVSC without Na2CO3. ,e drying shrinkage of HVSC
samples should be taken into consideration of the long-term
measurement and GGBFS hydration degree.
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